mediates atherosclerotic plaque formation. 4 Recently, ADMA was demonstrated to directly affect SMCs by increasing SMC migration, apoptosis, and proliferation. 5 Therefore, studies on the effects of ADMA on SMC phenotype change are critical to elucidate the key mechanisms central to vascular remodeling and atherosclerotic diseases.
MicroRNAs (miRNAs) are a class of highly conserved small noncoding RNAs that regulate target genes by binding to the 3′ untranslated region (3′-UTR) of messenger transcripts to repress their translation or regulate their degradation. 6 Some critical roles of miRNAs in the SMC phenotype change have been documented. 7 However, whether an miRNA-dependent mechanism contributes to ADMA-induced changes in the SMC phenotype remains unknown.
In this study, we hypothesized that ADMA exerts effects on the miRNA transcriptome in SMCs, leading to phenotype change in SMCs. We aimed to identify miRNA-regulated targets and to inhibit the SMC phenotype change by modulating the miRNA-dependent mechanism. We also aimed to identify a correlation between plasma ADMA concentrations and miRNA (and its specific target) expression levels both in carotid plaques from patients who had undergone carotid endarterectomy and in plasma from patients with coronary heart disease.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Downregulation of miR-182-3p in ADMATreated Human Aortic Artery SMCs
ADMA caused an miRNA transcriptome change in human aortic artery SMC (hASMC), of which miR-182-3p was most changed with the smallest P value. To corroborate these findings, the expression of miR-182-3p was further evaluated in the ADMA-induced hASMCs using quantitative real-time polymerase chain reaction (RT-PCR). As shown in Figure 1A and 1B, the treatment of human SMCs with ADMA significantly downregulated the expression of miR-182-3p in a time-and dose-dependent manner. VSMCs and endothelial cells are 2 major cell types in normal vascular walls. Here, the expression levels of miR-182-3p were validated to be reduced in human VSMCs from different tissues but not changed in endothelial cells ( Figure I in the online-only Data Supplement) after ADMA treatment. The in situ hybridization of miR-182-3p (green color) showed that it was expressed primarily in the vessel media, where VSMCs were localized ( Figure 1C ).
Downregulation of miR-182-3p Mediates ADMA-Induced hASMCs Phenotype Change
To investigate the role of miR-182-3p knockdown in the ADMA-mediated SMC phenotype switch, we performed lossof-function studies using the adenovirus-mediated delivery of a specific inhibitor of miR-182-3p into hASMCs. The transduction of SMCs with Ad-miR-182-3p inhibitor resulted in the reduced expression of miR-182-3p in a dose-dependent manner ( Figure IIA in the online-only Data Supplement). Both ADMA and the miR-182-3p inhibitor reduced the expression of VSMC differentiation marker genes, such as SMA and calponin, as shown from the Western blotting, increased hASMC migration levels, and enhanced the hASMC proliferation rate, as measured from the BrdU (5-bromo-2′-deoxyuridine) incorporation rate (Figure 2A and 2B). These findings indicate that both ADMA and the reduction of miR-182-3p effectively induced the human SMC phenotype switch.
Then, we performed gain-of-function studies using the adenovirus-mediated delivery of miR-182-3p into hASMCs ( Figure IIB in the online-only Data Supplement) to delineate whether ADMA induced the hASMC phenotype change via the inhibition of miR-182-3p. Increased miR-182-3p expression clearly restored the expression of SMA and calponin, to a normal level, suggesting that the ADMA-induced reduction in SMC differentiation marker proteins is miR-182-3p-knockdown associated. Accordingly, miR-182-3p overexpression significantly blunted ADMA-induced hASMC migration and proliferation ( Figure 2C ). Taken together, our results indicate that ADMA induces hASMCs to change from the differentiated phenotype to the dedifferentiated phenotype via an miR-182-3p-dependent mechanism.
Myeloid-Associated Differentiation Marker Is the Direct Target of miR-182-3p
A proteome-wide screening for miR-182-3p-specific target genes was performed using isobaric tags for relative and absolute quantitation-coupled 2D LC-MS/MS (liquid chromatograph-mass spectrometer) approaches to identify changes in the proteome of hASMCs. miR-182-3p overexpression led to the altered expression (P<0.05) of 65 proteins 48 hours after treatment (Table I in the online-only Data Supplement), of which the human myeloid-associated differentiation marker (gi|66932929, NM_001020818) was most reduced with the smallest P value ( Figure III in the online-only Data Supplement). Using the online target gene prediction software program TargetScan (http://www.targetscan.org/mamm_31/), we identified a predicted miR-182-3p-binding site in the 3′-UTR region of human MYADM (Figure VIA in the onlineonly Data Supplement).
Next, we determined whether the MYADM 3′-UTR was a functional target of miR-182-3p. As shown in Figure 3A , the overexpression of an miR-182-3p mimic, but not the nontargeting mimic control, substantially repressed the activity of luciferase fused with the wild-type-3′-UTR of MYADM but had no effect on luciferase activity when the miR-182-3p-binding sites in the 3′-UTR of MYADM were mutated, suggesting that miR-182-3p can directly bind to the 3′-UTR of MYADM and regulate its expression. Moreover, transfection with the miR-182-3p inhibitor, but not the nontargeting inhibitor control, significantly increased the activity of luciferase fused with the wild-type-3′-UTR of MYADM ( Figure 3A ). Using Western blotting in cultured hASMCs, we confirmed that miR-182-3p overexpression by transduction with Ad-miR-182-3p reduces MYADM protein expression, whereas miR-182-3p knockdown by transduction with Ad-miR-182-3p inhibitor increases MYADM protein expression ( Figure 3B ). Similar to the Ad-miR-182-3p inhibitor, ADMA increased MYADM protein expression in hASMCs in a concentration-dependent manner ( Figure 3C ), which suggests that ADMA inhibits miR-182-3p expression and thus increases MYADM expression because ADMA has been verified to reduce miR-182-3p expression.
Role of miR-182-3p/MYADM in the VSMC Phenotype Change
To substantiate the functional significance of MYADM in SMC function, we performed a loss-of-function study using . Densitometric analysis of SMC differentiation marker gene expressions were determined by Western blotting. hASMC migration was detected using a Transwell chamber assay, and proliferation was evaluated using a BrdU (5-bromo-2′-deoxyuridine) incorporation assay (n=6). *P<0.05, **P<0.01 vs ctrl-Ad-miR-inhibitor (or without ADMA treatment). Ad-miR-182-3p (MOI=50) increases the expression of SMC differentiation marker genes in ADMA-treated hASMCs, as determined by a Western blot analysis, reduces ADMA-treated hASMC migration ability, as determined using a Transwell chamber assay, and inhibits ADMA-treated hASMC proliferation, as measured using a BrdU incorporation assay (C). *P<0.05, **P<0.01 vs ctrl-Ad-miR+ADMA treatment (n=6).
MYADM siRNA. As shown in Figure 4A , the transfection of VSMCs with MYADM siRNA significantly inhibited both basal and ADMA-induced MYADM expression. Accordingly, the knockdown of MYADM by specific siRNA markedly restored the expression of ADMA-reduced SMC contractile genes (SMA and calponin) to normal levels, as determined by a Western blot analysis. In addition, ADMA-induced SMC proliferation and migration was significantly blocked by the MYADM knockdown in hASMCs ( Figure 3D ).
To further determine the contribution of MYADM in miR-182-3p-mediated hASMC function, we examined the effect of Ad-miR-182-3p inhibitor/Ad-miR-182-3p on MYADM were used as the negative controls, respectively. Firefly luciferase activity was normalized against Renilla luciferase activity (n=6). *P<0.05, **P<0.01 vs MYADM-3′-UTR-WT transfected with control mimics or inhibitors. B, human aortic artery smooth muscle cells (hASMCs) were transduced with Ad-miR-182-3p-mimic (adenovirus-mediated overexpression of miR-182-3p) or Ad-miR-182-3p-inhibitor. The adenoviruses containing an unrelated miRNA (Ctrl-Ad-miR) or miRNA inhibitor (Ctrl-Ad-miR-inhibitor) were used as negative controls. Densitometric analysis of MYADM expression as determined by Western blotting (n=6). *P<0.05, **P<0.01 vs the ctrl-Ad-miR group; †P<0.05, ‡P<0.01 vs the ctrl-Ad-miR-inhibitor group. C, hASMCs were transduced with Ad-miR-182-3p-inhibitor with an MOI or were treated with asymmetrical dimethylarginine (ADMA) at different concentrations (n=6). *P<0.05, **P<0.01 vs the control viruses or the normal control. D, Knockdown of MYADM expression was performed using MYADM siRNA. A negative siRNA was used as a control (ctrl-siRNA). hASMCs pretransfected with MYADM siRNA or ctrl-siRNA were then incubated with or without ADMA (10 μM/L). Densitometric analysis of MYADM, calponin and SMA expression as determined by Western blotting. hASMC migration ability was determined using a Transwell chamber assay, and the hASMC proliferation ability was measured using a BrdU (5-bromo-2′-deoxyuridine) incorporation assay (n=6). *P<0.05, **P<0.01vs ctrl-siRNA with ADMA treatment. †P<0.05, ‡P<0.01vs ctrl siRNA without ADMA treatment.
expression. First, in the absence of Ad-miR-182-3p, the transfection of hASMCs with an MYADM overexpression plasmid significantly increased the expression of MYADM and induced the hASMC phenotype change, whereas pretreatment with Ad-miR-182-3p in hASMCs markedly attenuated the effects of MYADM overexpression on hASMC phenotype switch and MYADM expression ( Figure IVA in the onlineonly Data Supplement). Second, in the absence of the Ad-miR-182-3p inhibitor, the knockdown of MYADM by transfection with a specific siRNA significantly reduced the expression of MYADM and blunted the ADMA-induced hASMC phenotype change, whereas the knockdown of miR-182-3p with Ad-miR-182-3p inhibitor in hASMCs markedly attenuated the effect of MYADM siRNA on the ADMA-induced hASMC phenotype switch and MYADM expression ( Figure IVB in the onlineonly Data Supplement). These results suggest that MYADM is a critical regulator for SMC differentiation, proliferation, and migration and is involved in the miR-182-3p knockdownmediated effects on VSMC function.
Taken together, miR-182-3p/MYADM is critically implicated in the ADMA-induced VSMC phenotype change because ADMA has been verified to regulate miR-182-3p/ MYADM expression.
MYADM Activates the Extracellular SignalRegulated Kinase/Mitogen-Activated Protein Kinase Signaling Pathway in hASMCs
The effects of miR-182-3p/MYADM on hASMCs, at least in part, associated with the activation of extracellular signal-regulated kinase/mitogen-activated protein (ERK/MAP) kinase signaling pathway. As shown in Figure 4A , ADMA treatment caused an increase in MYADM expression and a 0.45-fold decrease in the expression of the ERK/MAP kinase inhibitor Sprouty2 (SPRY2), leading to enhanced ERK1/2 Figure 4 . Myeloid-associated differentiation marker (MYADM) activates ERK/MAP (extracellular signal-regulated kinase/mitogen-activated protein) kinase signaling pathway in human aortic artery smooth muscle cells (hASMCs). A, hASMCs were transduced with Ad-miR-182-3p or a control adenovirus (ctrl-Ad-miR) for 48 h and were then treated with or without asymmetrical dimethylarginine (ADMA) for another 48 h. The cells were harvested to analyze the protein expression of MYADM and Sprouty2 (SPRY2) and the phosphorylation level of ERK1/2 by Western blotting (n=6). *P<0.05, **P<0.01 vs the ctrl-Ad-miR group. B, hASMCs were transfected with SPRY2 siRNA (SPRY2-siRNA) or the recombinant GFP-hMYADM plasmid (MYADM-OE). hASMCs transfected with a blank vector (ctrl-vector) or scrambled siRNA (ctrl-siRNA) were used as negative controls, respectively. *P<0.05, **P<0.01vs ctrl-vector. †P<0.05, ‡P<0.01 vs the ctrl-siRNA group.
phosphorylation, which was blunted by the overexpression of miR-182-3p in hASMCs, as shown by the return of MYADM, SPRY2 expression, and ERK1/2 phosphorylation to normal levels. It suggests that overexpression of MYADM via the reduction of miR-182-3p associates with the activation of ERK1/2 signaling way.
The small interfering RNA-mediated reduction of SPRY2 and the overexpression of MYADM were both used to determine the correlation between MYADM induction and ERK1/2 activation. Similar to the effects of ADMA, both SPRY2 reduction and MYADM overexpression resulted in increased ERK1/2 phosphorylation ( Figure 4B ). The fact that the knockdown of SPRY2 did not change the MYADM expression level, whereas the overexpression of MYADM reduced the SPRY2 expression level, indicates that the overexpression of MYADM leads to the inhibition of SPRY2 expression and hence increases the activation of the ERK signaling pathway. Hence, the ADMA-induced reduction of miR-182-3p leads to the overexpression of MYADM and then the ERK/MAP kinase signaling pathway in hASMCs is activated.
miR-182-3p/MYADM Modules the hASMC Phenotype Change via the ERK1/2 Signaling-Dependent Mechanism
To further delineate the roles of ERK1/2 signaling pathway in the miR-182-3p/MYADM-modulated hASMC phenotype change, cells were transfected with human MYADM siRNA/ overexpression plasmid or treated with the ERK1/2 ERK signaling pathway blocker PD9805.
As shown in Figure VA in the online-only Data Supplement, both MYADM overexpression-induced and ADMA-induced ERK1/2 phosphorylation were blunted by Ad-miR-182-3p or PD9805. Accordingly, the effects of MYADM overexpression and ADMA on the hASMC phenotype change were both attenuated by Ad-miR-182-3p or PD9805, which was shown in the normalized expression levels of SMC differentiation marker genes and proinflammation mediators, such as intercellular cell adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), and osteopontin (OPN), as well as normal migration and proliferation capacities ( Figure  VA in the online-only Data Supplement).
Comparable to the effects of ADMA, Ad-miR-182-3p inhibitor also reduced the expression levels of SMC differentiation marker genes and increased the expression levels of proinflammation mediators, such as ICAM-1, VCAM-1, and OPN. Both MYADM knockdown and PD9805 treatment prevented ADMA-mediated and Ad-miR-182-3p inhibitor-mediated ERK1/2 phosphorylation and altered calponin, SMA, ICAM-1, VCAM-1, and OPN protein gene expression levels in the hASMCs. Additionally, hASMC proliferation and migration abilities were both reduced to the normal levels ( Figure VB in the online-only Data Supplement).
This indicates that both ADMA-and miR-182-3p inhibition-induced hASMC phenotype changes occur via the MYADM overexpression-dependent and ERK1/2 signalingdependent mechanism. In consideration of the activation of MYADM on the ERK1/2 signaling way and in view of the inhibition of ADMA on miR-182-3p, we deduced that ADMA reduced miR-182-3p expression level, which is followed by the MYADM-mediated activation of ERK1/2 signaling way and, hence, induced the phenotype change in hASMCs.
miR-182-3p Inhibits Balloon Injury-Induced Neointimal Formation in Rat Carotid Arteries via the Knockdown of MYADM
The binding site of miR-182-3p in the MYADM 3′-UTR is conserved among different species, such as humans, rats, and mice ( Figure VIA in the online-only Data Supplement). Thus, to investigate whether the inhibition of miR-182-3p induces the SMC phenotype change in other species, we performed studies using rat SMCs. Similar to our findings in human cells, the inhibition of miR-182-3p increased the expression of MYADM in rat SMCs ( Figure VIB in the online-only Data Supplement).
To determine whether miR-182-3p is involved in vascular lesion formation in vivo, a rat carotid artery balloon injury model was used and neointimal formation was examined 14 days after carotid injury. Rat carotid arteries were transduced with either Ad-miR-182-3p (10 10 pfu/mL) or ctrl-AdmiR (10 10 pfu/mL). Compared with the ctrl-Ad-miR-treated group, the expression of miR-182-3p in the carotid arteries of the Ad-miR-182-3p-treated rats was markedly increased, and the target, MYADM, was significantly reduced ( Figure VIIA and VIIB in the online-only Data Supplement), as determined by quantitative RT-PCR. Balloon injury led to a substantial increase in neointimal formation in carotid arteries transduced with ctrl-Ad-miR. The transduction of carotid arteries with Ad-miR-182-3p, however, substantially inhibited balloon injury-induced neointimal formation by decreasing the neointimal-to-media ratio and the intimal-media thickness ( Figure 5A and 5B).
To confirm that the effects of miR-182-3p on MYADM and downstream molecular events were localized to the VSMCs, we performed coimmunofluorescence with the smooth muscle marker SMA (red color) and MYADM, calponin, proliferating cell nuclear antigen (PCNA), ICAM-1, VCAM-1, OPN, or SPRY2 (green color) in the carotid artery. Interestingly, balloon injury led to an obvious increase in the ratio of MYADM-positive to SMA-positive cells, which was substantially reversed by Ad-miR-182-3p transduction in the carotid arteries compared with the CtrlAd-miR-treated arteries. Moreover, the ratios of PCNA-, OPN-, ICAM-, and VCAM-positive cells were significantly decreased, whereas the number of calponin-positive and SRY2-positive cells was increased in Ad-miR-182-3p-transduced arteries compared with those of the Ctrl-AdmiR-treated arteries ( Figure 5C and 5D ). In addition, these immunohistochemical changes could be quantitatively documented by a Western blot analysis ( Figure VIII in the online-only Data Supplement). These results suggest that miR-182-3p inhibits balloon injury-induced neointimal formation by suppressing MYADM-mediated SMC migration, proliferation, and phenotype change. In addition, in the normal carotid arteries, MYADM distributes in nucleus and cytoplasm. The balloon injury significantly induced MYADM translocation into the nuclei in the neointima, which was blunted by the transduction of Ad-miR-182-3p in rat carotid arteries ( Figure IX in the online-only Data Supplement). Nevertheless, the mechanism of MYADM translocation into the nuclei is still unknown.
Inhibition of Endogenous miR-182-3p Promotes Balloon Injury-Induced Neointimal Formation in Rat Carotid Arteries via MYADM Overexpression
Another rat carotid artery balloon injury model was used to determine whether the inhibition of endogenous miR-182-3p promotes balloon injury-induced neointimal formation. The carotid arteries of the rats were transduced with either the adenovirus-mediated delivery of a specific inhibitor of miR-182-3p (the Ad-miR-182-3p-inhibitor, 10 10 pfu/mL) or a ctrlAd-miR-inhibitor (10 10 pfu/mL). Fourteen days after transduction, the expression of miR-182-3p in the rat carotid arteries was markedly decreased, and the target MYADM was significantly increased ( Figure  VIIC and VIID) in the Ad-miR-182-3p inhibitor-treated group compared with the Ctrl-miR inhibitor-treated group, as determined by quantitative RT-PCR. Notably, the transduction of carotid arteries with Ad-miR-182-3p inhibitor substantially promoted balloon injury-induced neointimal formation, as evidenced by the increased neointimal-tomedia ratio and the intimal-media thickness compared with the ctrl-Ad-miR inhibitor-treated arteries ( Figure XA 
miR-182-3p/MYADM Is Expressed in Human Atherosclerotic Plaques and Is Correlated With Plasma ADMA Levels
Next, to translate our in vitro and in vivo findings into a clinical scenario, plaques were collected from patients who had undergone carotid endarterectomy for extracranial highgrade internal carotid artery stenosis at the Chinese People's Liberation Army General Hospital (n=12; Table II in the online-only Data Supplement). Based on the ADMA median concentration (0.5250 μM), the patients were divided into a high ADMA group (≥0.5250 μM) and a low ADMA group (<0.5250 μM).
The in situ hybridization of miR-182-3p (green color) showed that miR-182-3p was expressed in the plaques ( Figure 6A ). Plaques from high ADMA group patients exhibited significantly decreased miR-182-3p expression levels compared with those from low ADMA group patients ( Figure 6A ), which was verified by miR-182-3p expression levels detected using an RT-PCR method ( Figure 6B) . Moreover, the miR-182-3p expression in plaques was inversely correlated with ADMA plasma levels, as determined by a Spearman correlation model (r=−0.666; P=0.018; Figure 6D ). Plaques from high ADMA group patients exhibited significantly increased MYADM expression compared with those from low ADMA group patients ( Figure 6C ). The expression levels of MYADM and miR-182-3p in the plaques are summarized in Table III in the online-only Data Supplement.
Discussion
In the present study, we identified miR-182-3p as a novel modulator implicated in human SMC differentiation, proliferation, and migration. We uncovered 3 major findings. First, we showed that the expression of miR-182-3p is markedly downregulated in ADMA-treated hASMCs. Second, both loss-of-function and gain-of-function studies suggest that miR-182-3p plays a key role in the SMC phenotype switch in vitro and in vivo via the miR-182-3p-specific target gene MYADM, which activates the ERK1/2 signaling pathway. Third, we also observed that the ADMA-induced SMC phenotype change via the inhibition of miR-182-3p expression is associated with atherosclerotic lesion formation in clinical scenarios.
miR-182 has been designated an oncology-related miRNA 8 whose level positively correlates with the initiation and development of a variety of tumors 9 because of its role in the regulation of cell migration and proliferation. However, the involvement of miR-182 in cell differentiation, migration, and proliferation is controversial. For example, miR-182 mediates the inhibition of proliferation and migration by atorvastatin in prostate cancer cells 10 but increases tumor cell proliferation and migration in human ovarian carcinomas, 11 which suggests that miR-182-modulated proliferation and migration is cell-specific and dependent on the culture environment. The endogenous nitric oxide synthase inhibitor ADMA, as used in the culture environment in our present study, has been shown to induce the proliferation, migration, and apoptosis of rat SMCs. Here, we present evidence that ADMA reduces miR-182-3p expression in hASMCs, leading to the SMC phenotype change (manifested by the reduced expression of differentiation genes and increased proliferation and migration). In view of the pathological effects of ADMA on the cardiovascular system, it would be interesting to investigate whether miR-182-3p is involved in ADMA-associated cardiovascular events. In addition, it is worth noting that ADMA has been previously shown to upregulate the expression of miR-21 in endothelial cells 12 ; miR-21 is another important miRNA involved in the SMC phenotype change, as shown by the fact that miR-21 overexpression induces the SMC phenotype switch, whereas miR-21 silencing inhibits cell proliferation in rat aortic SMCs and in injured rat carotid arteries. 13 Although ADMA does not change miR-21 expression in hASMCs, our present study indicates that the reduction of miR-182-3p markedly contributes to the ADMA-induced VSMC phenotype change. Moreover, we validated the primary distribution of miR-182-3p in the vessel media by performing an in situ hybridization, and ADMA did not change the miR-182-3p expression levels in endothelial cell, as measured by miR-182-3p-specific RT-PCR. Hence, the action of miR-182-3p in response to ADMA is SMC-specific, and miR-182-3p is another SMC phenotype change modulator. Nevertheless, at this time, little is known about the role of miR-182-3p in SMC biology.
Our second finding is that MYADM is the specific target of miR-182-3p and contributes to miR-182-3p-mediated hASMC function. MYADM is a novel hematopoietic-associated marker composed of 322 amino acids that are encoded by the MYADM gene in humans. MYADM is thought to mediate Rac1 targeting to ordered membranes, which is required for cell spreading and migration.
14 Here, we further extend our knowledge regarding the role of MYADM in increased SMC phenotype change via direct regulation by an miR-182-3p-dependent mechanism both in vitro and in vivo using the gainof-function and loss-of-function of miR-182-3p strategies. It is worth noting that in the neointima, MYADM expression is increased, which suggests that MYADM is a potential target of vascular remodeling. Moreover, our present study indicates that the effects of ADMA and miR-182-3p knockdown on MYADM expression are at least partially associated with the ERK/MAP kinase signaling pathway. These results are in agreement with those of previous studies demonstrating that ADMA induces oxidative stress via the ERK/MAP kinase activation induced by the inhibition of SPRY2. 12 Furthermore, the ERK1/2 pathway is also downregulated by miR-182 in the posterior uveal melanoma, 15 confirming our finding that the inhibition of miR-182-3p activates the ERK1/2 pathway. Thus, the inhibition of miR-182-3p expression and the subsequent increase in MYADM expression induced by ADMA is associated with ERK activation.
The SMC phenotype change contributes to atherosclerotic lesion formation. 16 Although the cellular and molecular mechanisms involved remain elusive, it has been ascertained that the majority of intimal SMCs within atherosclerotic lesions are derived from resident medial SMCs that undergo phenotypic modulation and migration into the intima where they proliferate, produce extracellular matrix, and participate in fibrous cap formation. 16, 17 In fact, SMCs are the main cell type in early arterial intimal thickenings and a major component of most stages of human atherosclerosis. 18 Recently, SMCs were observed to contribute >50% of the total foam cells in human coronary intimas, which suggests that SMCs are a major source of macrophage-like cells in human atherosclerotic plaques. 19 In the present study, although the effects of miR-182-3p on SMCs in atherosclerotic plaques were not evaluated, it can be inferred that the ADMA-mediated deregulation of miR-182-3p/ MYADM may be another cause of SMC phenotype switching in atherosclerotic lesions because ADMA has been confirmed to induce atherosclerotic plaque formation in ApoE −/− mice. 20 In agreement with this result, an ApoE −/− /hDDAH1 +/− transgenic mouse that overexpressed human isoform 1 of the ADMAdegrading enzyme dimethylarginine dimethylaminohydrolase was generated to reduce plaque formation in ApoE −/− mice by lowering ADMA, which constituted direct evidence of the role of ADMA in atherosclerotic plaque formation. 17 Hence, our findings provide proof-of-principle that the ADMA-induced SMC phenotype change plays a causal role in atherosclerosis via an miR-182-3p knockdown-dependent mechanism, which raises the possibility that miR-182-3p is a potential therapeutic treatment for cardiovascular diseases, such as atherosclerosis.
Although the functions of various miRNAs have been identified in various cultured cells or animal models, the involvement of miRNAs in human atherosclerotic plaques has received little attention. In the present study, the role of the ADMA-induced SMC phenotype change via miR-182-3p inhibition was validated in clinical scenarios, as evidenced by the negative correlation between plasma ADMA concentrations and miR-182-3p expression levels in atherosclerotic plaques collected from patients with carotid artery stenosis. ADMA is a novel alarm signal and potent factor in vascular remodeling; hence, we suggests that miR-182-3p reduction might be an indicator of high system vascular remodeling. Nevertheless, one unavoidable limitation of our study is that we did not show direct evidence that the reduction in circulating miR-182-3p was derived from the ADMA-induced SMC phenotype change.
Taken together, the results of the present study demonstrate that ADMA induces SMC dedifferentiation, proliferation, and migration via an miR-182-3p knockdown/MYADMdependent mechanism that is associated with atherosclerotic plaque formation. Our findings raise the possibility that miR-182-3p is a new SMC phenotype change regulator and plays a critical role in regulating atherosclerotic plaque formation because the SMC phenotype change is critical in atherosclerotic plaque formation.
